Fluorination of fluorophores can substantially enhance their photostability and improve spectroscopic properties. To facilitate access to fluorinated fluorophores, bis(2,4,5-trifluorophenyl)methanone was synthesized by treatment of 2,4,5-trifluorobenzaldehyde with a Grignard reagent derived from 1-bromo-2,4,5-trifluorobenzene, followed by oxidation of the resulting benzyl alcohol. This hexafluorobenzophenone was subjected to sequential nucleophilic aromatic substitution reactions, first at one or both of the more reactive 4, 4′ fluorines, and second by cyclization through substitution of the less reactive 2, 2′ fluorines, using a variety of oxygen, nitrogen, and sulfur nucleophiles, including hydroxide, methoxide, amines, and sulfide. This method yields symmetrical and asymmetrical fluorinated benzophenones, xanthones, acridones, and thioxanthones, and provides scalable access to known and novel precursors to fluorinated analogues of fluorescein, rhodamine, and other derivatives. Spectroscopic studies revealed that several of these precursors are highly fluorescent, with tunable absorption and emission spectra, depending on the substituents. This approach should allow access to a wide variety of novel fluorinated fluorophores and related compounds.
INTRODUCTION
Substitution of hydrogen with fluorine is extensively employed in medicinal chemistry to alter the binding of small molecules to biological targets and modulate metabolic reactivity. 1, 2 Fluorination can also alter the photophysical properties of compounds. 3, 4 Fluorination of fluorescein (1, Figure 1 ) at the 2′-and 7′-positions yields Oregon Green (2), 5 a bright fluorophore with decreased phenol pKa (4.8 for 2 versus 6.3-6.8 6 for 1), improving fluorescence in acidic aqueous environments, and enhancing photostability. Although a limited number of fluorinated fluorophores have been reported, modification of other dyes 7, 8 including Tokyo Green 9 (3) to yield Pennsylvania Green (4), 10, 11 and tetramethylrhodamine (5) to yield fluorinated rhodamines (e.g. 6) 12 can confer beneficial photophysical properties. However, the synthesis and isolation of single isomers of fluorinated fluorophores such as 5-carboxy-Oregon Green 5 is challenging and costly using existing methods.
To facilitate access to fluorinated fluorophores, we sought to develop a practical method to synthesize diverse fluorinated xanthone (7), acridone (8) , and thioxanthone (9) precursors. Many of these compounds are biologically active, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] some are highly fluorescent, 26 and the addition of Grignard reagents to protected xanthones has been used to prepare 4-carboxy-Tokyo Green, 9 a fluorescent reporter of kinase activity, 27 4-carboxy-Penn Green, 10 Tokyo Magenta, 28 and other rhodamine and fluorescein analogues. [29] [30] [31] [32] Methods for synthesis of derivatives of 7-9 have advanced over the past decade, 13, [33] [34] [35] [36] [37] [38] [39] [40] [41] but only a few reports 27, [42] [43] [44] describe derivatives with fluorine at the 2 and 7 positions and nitrogen or oxygen at carbons 3 and 6. Because existing syntheses of fluorinated xanthones and similar compounds are lengthy and low yielding, relatively little is known about their cognate photophysical and biological properties.
RESULTS AND DISCUSSION
As shown in Scheme 1, we postulated that repeated S N Ar reactions of the novel benzophenone 10 might allow access to other fluorinated benzophenones (11) (12) , as well as xanthones, acridones, and thioxanthones (13) , as precursors to more highly conjugated fluorophores (14) . 45 The high selectivity observed for the sequential addition of multiple nucleophiles to cyanuric chloride 46 and pentafluoropyridine 47 through a similar mechanism offers precedent for this strategy. To evaluate this hypothesis, we synthesized 10 in a twopot process involving magnesium-halogen exchange of inexpensive 1-bromo-2,4,5-trifluorobenzene (15) followed by addition to 2,4,5-trifluorobenzaldehyde (16) to generate the alcohol (17) in nearly quantitative yield (Scheme 2). Oxidation with TEMPO free radical and sodium hypochlorite 48 produced benzophenone 10 in excellent overall yield. These reactions were scalable, and multiple grams of 10 could be produced in a single run.
Using the strategy outlined in Scheme 1, novel fluorinated benzophenone derivatives (18-29, shown in Figure 2 ) were prepared from 10 with a variety of oxygen and nitrogen-derived nucleophiles in good to excellent yields. As summarized in Table 1 , heating of 10 in aqueous KOH/DMSO at 80 °C efficiently substituted both fluorines at the 4, 4′-positions with hydroxyl groups to afford 18 ( Table 1 , entry 1). Sodium methoxide added to 10 at room temperature in nearly quantitative yield to produce 19 (entry 2).
A wide variety of primary and secondary amines generated similar S N Ar adducts in good to excellent yields (Table 1 , entries 3 -12). Piperidine and morpholine exhibited particularly high reactivity towards 10, and dilution was necessary to prevent formation of tri-and tetrasubstituted products. As listed in Table 1 , either monosubstituted or disubstituted fluorinated benzophenones derived from ammonia, diethylamine and piperidine (Table 1, entries 3, 4, 6, 7-10, 11) were obtained in >70% yield by adjusting reaction concentrations and temperatures, offering additional opportunities for structural diversification.
Symmetrical and asymmetrical xanthones (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) were readily accessed by addition of hydroxide to fluorinated benzophenones using the conditions listed in Table 1 . Although previous routes 10, 27 to 30, a valuable precursor for preparation of fluorophores such as Pennsylvania Green, required five to eight steps and achieved only modest overall yields, heating benzophenone 10 with aqueous NaOH either in a sealed tube at 200 °C for 3 h or at reflux for 48 h provided 30 in nearly quantitative yield (Table 1, entries 13 and 14) . This latter method was scalable, and multiple grams of 30 could be prepared. Aminobenzophenones (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) were cleanly converted to symmetric and asymetric xanthones via hydroxide-mediated S N Ar reactions with DMSO as a cosolvent (Table 1,  entries [15] [16] [17] [18] [19] [20] [21] [22] [23] .
Cyclization with amine nucleophiles converted fluorinated benzophenones to fluorinated acridones (40-48, Figure 3 ). The conditions for synthesis of 40-48 are summarized in Table  2 . Heating of 10 in DMF containing KOH provided N, N-dimethylacridone 41 in 93% yield ( (Table 2) .
To the best of our knowledge, 2,7-difluorinated thioxanthones have not been previously reported. To access these compounds, Na 2 S was employed to synthesize 52-59 (Figure 3 ) as summarized in Table 2 . By controlling the temperature and concentration of Na 2 S, dimethoxybenzophenone 19 was converted into either 52 or 53 ( Absorbance and fluorescence emission spectra (30-59) were acquired on selected compounds. Values for λ max , molar extinction coefficient (Σ), determined for compounds with quantum yield (Φ) > 0.2, and Φ relative to diphenylanthracene (Φ = 0.95 in EtOH) and anthracene (Φ = 0.27 in EtOH) are listed in Table 3 . Absorbance and emission spectra of 30-59 are provided in the Supporting Information. Among these compounds, substituents modulated absorbance by up to 77 nm and emission by up to 71 nm, with Stokes shifts of >100 nm in some cases. The ability to readily access multigram quantities of these precursors via iterative S N Ar should have broad utility for the synthesis of diverse fluorinated fluorophores and related molecular probes.
EXPERIMENTAL SECTION

Optical spectroscopy
Quantum yields (Φ) of the highly emissive compounds 30, 31, 35, 36, 38, 40, 42 in ethanol were quantified by the method of Williams. 49 Quantum yields for other compounds were determined to be < 0.1 by comparison. Diphenylanthracene (Φ = 0.95 in ethanol 50 ) and anthracene (Φ = 0.27 in ethanol 51 ) were used as standards, and data from these measurements is provided in the Supporting Information. Molar extinction coefficients (ε) of 30, 31, 35, 36, 38, 40, 42 in ethanol were determined by linear least squares fitting of Beer's Law plots of absorbance versus concentration, and data from these measurements is provided in the Supporting Information.
Synthesis
In addition to specific methods described below, general procedures A-F were used to access structurally related compounds.
General Procedure A
A mixture of bis(2,4,5-trifluorophenyl)methanone (10, 2.00 g, 6.9 mmol) and the corresponding amine (73.3 mmol) was heated in a sealed tube. The reaction mixture was cooled and volatiles were removed in vacuo. If impurities were evident, compounds were purified by column chromatography (5% EtOAc in hexanes) to provide viscous oils that typically crystallized when washed with hexanes.
General Procedure B
A mixture of bis(2,4,5-trifluorophenyl)methanone (10, 1.00 g, 3.45 mmol), the corresponding amine (10.1 mmol), and THF (10.0 mL) were stirred for 12 h at 26 °C. The reaction mixture was concentrated in vacuo. If impurities were evident, compounds were purified by column chromatography (5% EtOAc in hexanes) to give viscous oils that typically crystallized upon standing.
General Procedure C
A mixture of the corresponding diaminoxanthone (21 -29, 1.0 mmol), aqueous KOH (10 M, 1.5 mL, 15.0 mmol), and DMSO (1.5 mL) were heated in a sealed tube. After the time indicated, the reaction mixtures were cooled and transferred to ice water (150 mL). The resulting precipitate was collected by vacuum filtration and washed with water (3 × 100 mL). If impurities were evident, products were purified by washing with an organic solvent or by column chromatography.
General Procedure D
The corresponding benzophenone (10, 21, 25, 27, or 28, 1.0 mmol) was dissolved in a solution of DMF (2.0 mL, 25.9 mmol) and aqueous KOH (10 M, 2.0 mL, 20.0 mmol). This mixture was heated in a sealed tube and at 150 °C for the time indicated, cooled, and transferred to ice water (100 mL). The resulting precipitate was filtered, washed with water (3 × 50 mL) and washed with either diethyl ether or acetone to afford the product.
General Procedure E
The corresponding dimethoxyacridone (46 -48, 0.10 mmol) was dissolved in 1,2-dichloroethane (4.0 mL) and treated with BBr 3 in CH 2 Cl 2 (0.57 mL of a 0.7 M solution, 0.40 mmol). The reaction mixture was heated to reflux for 12 h, cooled to room temperature, and quenched with methanol (1.00 mL). The product was concentrated and purified by column chromatography (0% to 3 % MeOH in CH 2 Cl 2 ).
General Procedure F
A solution of diaminoxanthone (19, 22, 23, 25 -27, 29, 1.0 mmol) in DMA (5.0 mL), was vigorously purged with Ar for 30 min followed by treatment with finely ground Na 2 S (0.375 g, 5.0 mmol). The resulting yellow-orange slurry was heated to 70 °C for 12 h with stirring. The hot reaction mixture was poured into ice-cold water (150 mL), and the precipitate was collected by vacuum filtration. The crude yellow solid was air dried and further purified by column chromatography or by washing with an organic solvent to give the corresponding thioxanthone.
Bis(2,4,5-trifluorophenyl)methanone (10)
To a solution of 17 (400 mg, 1.37 mmol) in CH 2 Cl 2 (12 mL) was added KBr (33.2 mg, 0.28 mmol), TEMPO (11.0 mg, 0.07 mmol, 5 mol%), and saturated aqueous NaHCO 3 . The biphasic mixture was vigorously stirred and aqueous NaOCl (6.0 mL, 0.7 M) was added. The resulting bright orange mixture was stirred for 3 h, and the orange color dissipated. The colorless biphasic layers were separated, the aqueous layer was extracted with CH 2 Cl 2 (2 × 12 mL), and the combined organic fractions were dried over anhydrous Na 2 SO 4 and concentrated to give a crude yellow solid. The solid was purified elution through a plug of silica gel (10% EtOAc in hexanes). The filtrate was concentrated to yield 10 as a colorless solid (370 mg, 92%). mp 80-81 °C; 1 
Bis(2,4,5-trifluoro-phenyl)methanol (17)
To a solution of 1-bromo-2,4,5-trifluorobenzene (2.34 mL, 20.0 mmol) in THF (30 mL) at −78 °C was added i-PrMgCl (1.3 M in Et 2 O, 16.1 mL, 21.0 mmol), dropwise. The resulting pale yellow solution was stirred at −78 °C for 10 min, was warmed to 4 °C, and was maintained at 4 °C for 1 h. This solution was cooled again to −78 °C and treated with 2,4,5-trifluorobenzaldehyde (2.55 mL, 22.0 mmol). This mixture was allowed to slowly warm to ambient temperature (23 °C) . After stirring at room temperature for 3 h, the reaction mixture was slowly quenched with saturated aqueous NH 4 Cl solution (20 mL). The resulting phases were separated, the aqueous fraction was extracted with Et 2 O (2 × 30 mL), the combined organic phases were dried over anhydrous Na 2 SO 4 , and the solution was concentrated to give a crude oil that was purified by flash chromatography (5% EtOAc in hexanes) to provide pure 17 (5.74 g, 99%). mp 81 -83 °C 1 
Bis(2,5-difluoro-4-hydroxyphenyl)methanone (18)
A mixture of 10 (3.0 g, 10.3 mmol), aqueous KOH (10 M, 10 mL, 100 mmol), and DMSO (10 mL) was heated to 80 °C for 12 h. This solution was transferred to a mixture of concentrated aqueous HCl (15 mL) and ice (200 g) to generate a fine precipitate that was collected by vacuum filtration. This colorless precipitate was washed with cold water (3 × 100 mL) and dried overnight (16 h) under high vacuum to provide pure 18 (2.71 g, 92%). 
Bis(2,5-difluoro-4-methoxyphenyl)methanone (19)
A mixture of 10 (2.00 g, 6.8 mmol) and methanol (28 mL) was treated with NaOMe in methanol (5.4 M, 5.50 mL, 29.6 mmol), dropwise. This mixture was stirred for 12 h, and water (300 mL) was added. A colorless precipitate was collected by vacuum filtration, washed with water (2 × 150 mL), and dried under high vacuum to provide of pure 19 (2.11 g, 99%). mp 158-160 °C; 1 H NMR (400 MHz, 10% CD 3 OD in CDCl 3 ) δ 7.47 (dd, J = 10.8, 7.0 Hz, 2H), 6.70 (dd, J = 11.2, 7.0 Hz, 2H); 13 
Bis(4-amino-2,5-difluorophenyl)methanone (20)
Bis(2,4,5-trifluorophenyl)methanone (10, 3.00 g, 10.3 mmol) was dissolved in DMSO (10.0 mL) and treated with concentrated aqueous NH 4 OH (10.0 mL, 145 mmol). This mixture was stirred at 110 °C for 12 h (sealed tube), followed by addition to ice water (400 mL). A yellow precipitate was collected by vacuum filtration, washed with water (3 × 150 mL), and dried under high vacuum for 12 h to provide pure 20 (2.73 g 93%). mp 180-182 °C; 1 H NMR (400 MHz, 10% CD 3 OD in CDCl 3 ) δ 7.22 (dd, J = 11.2, 7.0 Hz, 2H), 6.37 (dd, J = 11.2, 7.0 Hz, 2H); 13 
(4-amino-2,5-difluorophenyl)-(2,4,5-trifluorophenyl)methanone (21)
Bis(2,4,5-trifluorophenyl)methanone (10, 1.00 g, 3.43 mmol) in DMSO (2.50 mL) was treated with concentrated aqueous NH 4 OH (2.50 mL, 36.3 mmol). This mixture was stirred at 35 °C for 12 h, diluted with ice-cold water (100 mL), and extracted with EtOAc (3 × 50 mL). The combined organic fractions were dried over anhydrous Na 2 SO 4 and concentrated in vacuo to give a crude yellow oil that was purified by column chromatography (10% to 20% EtOAc in hexanes) to provide pure 21 (0.738 g, 75%). mp 134-136 °C; 1 
Bis(4-(dimethylamino)-2,5-difluorophenyl)methanone (22)
Bis(2,4,5-trifluorophenyl)methanone (10, 291 mg, 1.00 mmol) was dissolved in DMF (2.00 mL, 25.9 mmol), treated with aqueous KOH (10 M, 2.00 mL, 20.0 mmol), and stirred at 60°C for 12 h. This mixture was cooled to room temperature (23 °C), transferred to ice water (50 mL), extracted with EtOAc (3 × 20 mL), and the combined organic fractions were washed with water (2 × 30 mL). The organic layer was dried over anhydrous Na 2 SO 4 , concentrated in vacuo, and purified by flash chromatography (5% to 10% EtOAc in hexanes) to provide pure 22 (265 mg, 78%) as a yellow solid. mp 120-121 °C; 1 
Bis(4-(diethylamino)-2,5-difluorophenyl)methanone (23)
Using General Procedure A at 90 °C for 12 h, bis(2,4,5-trifluorophenyl)methanone 10 (1.00 g, 3.45 mmol), and diethylamine (7.0 mL, 71.0 mmol) afforded 23 (1.07 g, 85%). mp 60-62°C
; 1 
Bis(2,5-difluoro-4-(isopropylamino)phenyl)methanone (25)
Using General Procedure A, 10 (2.0 g), isopropylamine (6.00 mL, 73.3 mmol), and heating in a sealed tube at 60 °C for 3 h, provided pure 25 (2.32 g, 92%). mp 91-92 °C; 1 
Bis(4-(tert-butylamino)-2,5-difluorophenyl)methanone (26)
Using General Procedure A, 10 (500 mg, 1.72 mmol), t-butylamine (7.00 mL, 71.0 mmol), and heating at 46 °C for 12 h, afforded 26 (560 mg, 82%). mp 135-137 °C; 1 
Bis(2,5-difluoro-4-(piperidin-1-yl)phenyl)methanone (27)
Using General Procedure B, 10 (1.00 g, 3.45 mmol), piperidine (1.0 mL, 10.1 mmol), and THF (6.00 mL), and a reaction time of 12 h, afforded 27 (1.28 g, 91%). mp 141-143 °C; 1 
Bis(2,5-difluoro-4-morpholinophenyl)methanone (29)
Using General Procedure B, 10 (1.00 g, 3.45 mmol), morpholine (0.75 mL, 8.62 mmol), THF (8 mL), and a reaction time of 12 h, afforded 29 ( 1.18 g, 81%) . mp 189-191 °C; 1 H NMR (400 MHz, CDCl 3 ) δ 7.37 (dd, J = 6.7, 5.6 Hz, 2H), 6 .54 (dd, J = 12.0, 5.2 Hz, 2H), 3 .86 (t, J = 4.6 Hz, 8H), 3.21 (t, J = 4.6 Hz, 8H); 13 Difluoro-3,6-dihydroxy-xanthen-9-one (30) A mixture of 10 (4.46 g, 15.4 mmol) and aqueous KOH (10 M, 30 mL, 0.300 mol) was heated to reflux for 48 h. During this time, 10 slowly dissolved to give a bright yelloworange solution. This hot solution was poured onto acidic ice (20 mL of 12 M HCl and 200 g of ice) and was allowed to stand for 3 h. The resulting colorless slurry was filtered via vacuum and the filtrate was washed with cool water (3 × 100 mL), ethanol (2 × 50 mL), and dried under high vacuum to yield pure colorless difluoroxanthone 30 (3.91 g, 96%). Xanthone 30 had spectral properties identical to those previously reported. 27 
2,7-
3-amino-2,7-difluoro-6-hydroxy-9H-xanthen-9-one (31)
Using General Procedure C, 21 (1.17 g, 4.07 mmol) and heating at 150 °C for 12 h, afforded 31 (726 mg, 80%). mp 247-250 °C; 1 
3,6-bis(dimethylamino)-2,7-difluoro-9H-xanthen-9-one (32)
Using General Procedure C, 22 (2.00 g, 5.05 mmol), and heating to 150 °C for 12 h, afforded 32 (1.61 g, 85%). mp 211-213 °C; 1 
3,6-bis(diethylamino)-2,7-difluoro-9H-xanthen-9-one (33)
Using General Procedure C, 23 (1.50 g, 3.78 mmol), and heating at 170 °C for 12 h, afforded 33 (1.20 g, 85%). mp 108-109 °C; 1 
3-(diethylamino)-2,7-difluoro-6-hydroxy-9H-xanthen-9-one (34)
Using General Procedure C, 24 (1.00 g, 2.92 mmol), and heating at 150 °C for 12 h, afforded 34 (884 mg, 95%). mp 299-300 °C; 1 
2,7-difluoro-3,6-bis(isopropylamino)-9H-xanthen-9-one (35)
Using General Procedure C, 25 (2.50 g, 6.79 mmol), and heating at 150 °C for 16 h, afforded 35 (2.15 g, 92%) . mp 238-239 °C; 1 
3,6-bis(tert-butylamino)-2,7-difluoro-9H-xanthen-9-one (36)
Using General Procedure C, 26 (1.00 g, 2.52 mmol), and heating at 150 °C for 12 h, afforded 36 (848 mg, 90%). mp 289-291 °C; 1 
2,7-difluoro-3,6-di(piperidin-1-yl)-9H-xanthen-9-one (37)
Using General Procedure C, 27 (840 mg, 2.00 mmol), and heating to 170 °C for 12 h, afforded 37 (733 mg, 92%). 2,7-difluoro-10-isopropyl-3,6-bis(isopropylamino)acridin-9(10H)-one (40) Bis(2,4,5-trifluorophenyl)methanone 10 (291 mg, 1.00 mmol) was dissolved in isopropylamine (3.00 mL, 36.7 mmol) and transferred to a sealed tube. The reaction was stirred at 100 °C for 12 h, and all volatiles were removed under reduced pressure. The residual oil was purified by flash chromatography to yield 40 (170 mg, 45%) as a white solid. mp 160-162 °C; 1 
2,7-difluoro-10-isopropyl-3,6-dimethoxyacridin-9(10H)-one (46)
A solution of 19 (100 mg, 0.32 mmol) in isopropylamine (3.00 mL, 36.6 mmol) was heated to 100 °C in a sealed tube for 12 h. This mixture was cooled and residual isopropylamine removed in vacuo. The resulting crude yellow oil was dissolved in THF (7.00 mL), treated with NaH (60%, 77.0 mg, 1.92 mmol), and heated to 60 °C for 12 h. The reaction mixture was cooled in an ice bath and carefully neutralized with saturated aqueous NaHCO 3 (20 mL). Extraction with THF (3 × 20 mL), drying of the combined organic fractions over anhydrous Na 2 SO 4 , and removal of solvent in vacuo provided a crude yellow oil that was purified by column chromatography (CH 2 Cl 2 ) to provide dimethoxyacridone 46 (88.4 mg, 83%). mp 158-159 °C; 1 
10-benzyl-2,7-difluoro-3,6-dimethoxyacridin-9(10H)-one (47)
A solution of 19 (1.50 g, 4.78 mmol) in benzylamine (8.00 mL, 73.3 mmol) was heated to 100 °C for 12 h. This mixture was cooled and residual benzylamine removed by vacuum distillation (36 °C, 1 mm Hg). The resulting crude yellow oil was dissolved in THF (30 mL), treated with NaH (60%, 574 mg, 14.4 mmol), and heated to 60 °C for 12 h. The reaction mixture was cooled in an ice bath and carefully neutralized with saturated aqueous NaHCO 3 (20 mL). The resulting biphasic mixture was extracted with THF (3 × 20 mL) and the combined organic fractions were dried over anhydrous Na 2 SO 4 and concentrated to give a crude yellow oil that was purified by column chromatography (CH 2 Cl 2 ) to provide dimethoxyacridone 47 (1.56 g, 86%). mp 205-206 °C; 1 
2,7-difluoro-3,6-dimethoxy-10-phenylacridin-9(10H)-one (48)
A solution of 19 (100 mg, 0.320 mmol) in aniline (2.00 mL, 21.9 mmol) was heated to 130°C for 12 h in a sealed tube. The reaction mixture was cooled and the residual aniline was Structures of fluorinated benzophenones and xanthones derived from 10. Structures of fluorinated acridone and thioxanthone products.
Scheme 1.
A general synthesis of fluorinated benzophenones, xanthones, acridones, thioxanthones, and derivatives involving iterative addition of nucleophiles (Nu:) to bis(2,4,5-trifluorophenyl)methanone (10).
Scheme 2.
Synthesis of bis(2,4,5-trifluorophenyl)methanone (10). Table 1 Reagents and conditions for synthesis of benzophenones 18-29 and xanthones 30-39.
